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practice, the in-vivo identification of atherosclerotic lesions, which can lead to complications such as heart attack or stroke, remains difficult. Imaging techniques provide the reference standard for the detection of clinically significant atherosclerotic changes in the coronary and carotid arteries. The assessment of the luminal narrowing is feasible, while the differentiation of stable and potentially unstable or vulnerable atherosclerotic plaques is currently not possible using non-invasive imaging. With high spatial resolution and high soft tissue contrast, magnetic resonance imaging (MRI) is a suitable method for the evaluation of the thin arterial wall. In clinical practice, native MRI of the vessel wall already allows the differentiation and characterization of components of atherosclerotic plaques in the carotid arteries and the aorta. Additional diagnostic information can be gained by the use of non-specific MRI contrast agents. With the development of targeted molecular probes, that highlight specific molecules or cells, pathological processes can be visualized at a molecular level with high spatial resolution. In this review article, the development of pathophysiological changes leading to the development of the arterial wall are introduced and discussed. Additionally, principles of contrast enhanced imaging with non-specific contrast agents and molecular probes will be discussed and latest developments in the field of molecular imaging of the vascular wall will be introduced.
Key Points:
▶ Molecular magnetic resonance imaging has great potential to improve the in vivo characterization of atherosclerotic plaques.
▶ Based on the molecular information is feasible to enable a better differentiation of stable and unstable (vulnerable) atherosclerotic plaques. . Therefore there is significant clinical interest in early detection of such plaques. New imaging procedures are required which will provide information regarding plaque composition and disclose biological processes which indicate the progression and destabilization of plaques. Angiographic imaging methods that can only assess lumen diameter remain the gold standard for the diagnosis of clinically significant stenosis of coronary and carotid arteries. Even severe atherosclerotic changes in the arterial wall can escape detection by conventional angiography, since in the context of atherosclerotic plaque development, such changes can result in positive remodeling, i. e. compensatory enlargement of the arterial cross section without significant lumen constriction [5] . Various studies have shown that atherosclerotic plaques exhibiting positive remodeling are associated with an increased risk of rupture [6] . In clinical application, native MRI can differentiate among the morphological components of atherosclerotic plaques in the carotids, the aorta as well as coronary arteries [7 -9]. Additional information regarding plaque composition can be obtained by administering clinically-approved non-specific contrast agents [10] . Specific molecular probes that selectively highlight certain molecules or cells allow the visualization and characterization of pathological processes on the molecular level, thus enhancing the detection of early stages of disease, and improving treatment planning and therapy monitoring.
Pathophysiology of atherosclerotic plaques !
Atherosclerotic changes in the arterial wall develop over a long period, and symptoms first appear when arterial blood flow is reduced due to plaque size, or when the plaque ma-trix is exposed after a rupture or as a consequence of surface erosion [11] . The gradual increase in plaque size does not represent a critical event, and in most cases can be adequately treated therapeutically before acute symptoms arise. On the other hand, plaque rupture represents a highly acute event that cannot be predicted with current imaging methods, and which can result in severe consequences such as thrombotic vessel occlusion and ischemia [12] . Pathological changes in the arterial wall in the context of atherosclerosis primarily affect the vascular endothelium. During the onset as well as development of atherosclerosis, there is an influx of modified lipids such as low-density lipoproteins (LDL), macrophages and smooth muscle cells [13] . Infiltration and depositing of LDL in the vascular endothelium is considered a precursor of atherosclerosis [13] . Oxidized LDL activates endothelial cells which in turn express adhesion molecules such as vascular cell adhesion molecule 1 (VCAM-1) and E-selectin. Activation of the endothelium leads to increased accumulation of monocytes and other inflammatory cells which play a significant role in all stages of atherosclerosis. If the vascular endothelium is affected by atherosclerosis, the result is a differentiation of monocytes and macrophages which consume modified LDL particles. In the course of this process, macrophages develop into cholesterol-accumulating foam cells. In this stage of plaque development, these lesions are called "fatty streaks". This type of lesion can be identified in the arterial wall of very young patients [13] . Further, activated macrophages release inflammatory cytokines, matrixmetalloproteinases as well as tissue factors and thus contribute to the progression and potential destabilization of atherosclerotic lesions [13] . Additionally in this stage, smooth muscle cells migrate from the media into the endothelium. These proliferating smooth muscle cells represent an essential component of the neointima and are responsible for the expression of extracellular matrix proteinases such as elastin and collagens [14] . In the course of continued plaque progression, hypoxia increasingly becomes more important, since greater blood flow is required due to elevated oxygen consumption. Hypoxic states contribute to the apoptosis of inflammatory cells and the proliferation and ingrowth of new blood vessels into the atherosclerotic vessel wall, a process also called neoangiogenesis [15] . It has been shown that, in comparison to stable lesions, unstable atherosclerotic plaques exhibit increased density on newly formed vessels (neoangiogenesis) [15] . When these fragile new blood vessels rupture, erythrocytes enter the matrix of atherosclerotic plaques due to blood penetration. If the cholesterol released from the erythrocyte membranes accumulates, the result is precipitation and crystallization which contribute to the accretion of one or more lipid-rich necrotic cores [16] . Eccentric growth in size of the atherosclerotic arterial wall can occur to compensate for the narrowing of the lumen caused by intimal thickening. This type of vessel wall alteration is called positive remodeling [5] . In the course of continuous abatement of inflammatory processes and depositing of modified lipids, the lipid cores can expand further, while at the same time proteinases degrade extracellular matrix proteins. This results in thinning of the fibrous cap and consequently to an increased risk of rupture [14] . When plaque ruptures, blood from the arterial lumen comes into contact with the plaque matrix and tissue factor, thus activating the coagulation cas-Aorta. Ein Zugewinn an diagnostischer Information kann durch den Einsatz zugelassener unspezifischer MRT-Kontrastmittel erreicht werden. Mit der Entwicklung von zielgerichteten molekularen Sonden, die bestimmte Moleküle oder Zellen markieren, lassen sich pathologische Prozesse auf molekularer Ebene mit hoher räumlicher Auflösung darstellen. In diesem Übersichtsartikel werden zunächst die zur Entwicklung der Arteriosklerose führenden pathophysiologischen Veränderungen der arteriellen Gefäßwand erläutert. Es folgt eine Darstellung der Wirkweise sowie der Eigenschaften unspezifischer Kontrastmittel sowie molekularer Sonden für die MRT-Bildgebung. Zusätzlich werden die neuesten Entwicklungen auf dem Gebiet der molekularen Bildgebung der Gefäßwand erörtert.
cade. This leads directly to accumulation and activation of platelets at the lesion site via binding to subendolethial collagens via constitutively expressed GPVI receptors, resulting in thrombus formation triggered by thrombin. If the newly formed thrombus causes narrowing or blockage of an artery, the consequence can be an acute myocardial infarction or stroke [13] . Various studies have shown that atherosclerotic lesions with a high risk of rupture (vulnerable plaques) exhibit the following primary characteristics: High plaque volume, a large necrotic core, thin fibrous cap as well as positive vascular wall remodeling [17, 18] . It has been further indicated that vulnerable plaques are the trigger of the majority of acute symptomatic coronary artery events. In particular, plaque erosion on the endothelial surface even in early stages can lead to thrombus formation [19] . In the course of atherosclerotic plaque formation, deposition of hydroxyapatite results in calcification of the vascular wall. Intramural calcification in the atherosclerotic vascular wall is an active process exhibiting parallels to physiological bone formation. Various cellular and subcellular factors, including osteoblast-like cells, are instrumental in the actuation and progression of this process [20] . Typically calcification starts in the region of the lipid core within atherosclerotic plaque [21] . The apoptosis of migrated cells is directly related to the initiation and progression of plaque calcification [22] . Extracellular matrix proteins (e. g. collagens) are additionally involved in this process [23] . Despite some commonalities in the pathogenesis, a distinction must be made between the development of atherosclerosis in the coronary and carotid arteries. The differences between the two vascular territories are based primarily on the higher flow velocities and shear forces returned to the carotids. Thus plaque ulcerations and bleeding are more frequently found in the carotid arteries, whereas plaque erosion is more frequently found in the coronary arteries [24] . Calcification frequency does not differ significantly in both vascular territories, while calcified nodules (irregular nodules of calcium deposits) have been more frequently observed in cases of atherosclerotic changes in the carotid arteries [24] . A relationship between plaque rupture and symptomatic atherosclerosis has been demonstrated for both vascular territories; however, the degree of lumen narrowing does not always correlate with the presence of vulnerable plaque.
Contrast-enhanced and molecular magnetic resonance imaging !
Principles of contrast-enhanced MRI
Using molecular MRI employing targeted probes, biological processes can be non-invasively demonstrated on the molecular level. Unlike other imaging modalities such as single photon emission computed tomography (SPECT) or positron emission tomography (PET), MRI offers high physical resolution for identifying and assessing contrast agent distribution within the vascular wall [11, 25] . Compared to SPECT or PET, a higher local concentration of MR contrast medium (e. g. Gd-DTPA) is required for reliable in vivo assessment. Various targeted MR contrast agents are used for molecular imaging, including probes based on gadolinium or iron oxide particles. The signal intensity of MRI is prima-rily determined by the local longitudinal (T1) and transverse (T2) relaxation time of free water protons. The functionality of the majority of MR contrast agents depends upon a shortening of these relaxation times. Gadolinium or iron oxide-based MR contrast media are therefore indirectly detected due to their effect on water protons. Specific receptors, molecules or cells can be visualized via active or passive mechanisms with the aid of molecular MRI contrast agents. Selective binding of the molecular probe to specific receptors or proteins (active targeting) represents one possibility for visualization. A further possibility for enhancement is based on accumulation of the probe due to certain characteristics of the pathological tissue (e. g. fibrosis) or specific cell types (e. g. macrophages resulting from phagocytosis). An example for passive targeting is provided by iron oxide particles consumed by macrophages [26] .
T1-shortening contrast agents and molecular probes
Contrast agents and molecular probes causing shortening of the T1 relaxation time are primarily based on chelate complexes with trivalent gadolinium at the center. The existing seven unpaired electrons as well as the symmetry of the electronic states of chelate complexes with trivalent gadolinium result in a significant lowering of spin-lattice relaxation time [27] . The relaxivity of gadolinium-based contrast media depends upon various factors such as water exchange rate, hydration number, as well as the rotational correlation time [27] . The T1-shortening effect of gadolinium-based contrast agents and molecular probes is stronger than their T2-shortening effect [28] . Thus these bonds belong to "positive" MRI contrast agents; their effect is expressed as an increase of signal intensity on T1-weighted images. It has been shown that for T1-weighted gradient echo sequences, signal intensity across a wide concentration range is proportional to the local contrast agent concentration [29, 30] . If, however, the local contrast agent concentration is very high, a noticeably reduced T2 relaxation time additionally occurs, [29, 30] together with a deviation from linear signal behavior. Depending upon the composition of the contrast medium or molecular probe, the relaxation effect additionally varies with the strength of the external magnetic field. An important factor in this depends upon whether the contrast medium is in the extracellular region, is bound to a receptor, or is absorbed intracellularly [31, 32] . T1-shortening MR contrast agents can, for example, be synthesized through conjugation of small ligands (e. g. small molecules, peptides, antibodies or glucose) with gadolinium chelate. The specific bond of such a probe to static or slowly-moving target structures leads to increased relaxivity, due to the so-called RIME effect (receptor-induced magnetization enhancement) [33] . An example of a contrast agent with this operating principle is gadofosveset trisodium. This medium binds reversibly to plasma albumin, resulting in a significant increase in relaxivity, thus allowing more sensitive in vivo detection [27] . In order to increase the sensitivity of the detection of molecular target structures that appear only in limited quantities, multimer-based contrast agents can be employed, for example. The T1 effect of the contrast medium can be enhanced by increasing the quantity of gadolinium chelates per molecular probe [34] . One example of such a probe is EP-2104 R (EPIX Pharmaceuticals, Lexington, USA). This fibrin-specific molecular probe has been successfully tested on patients for the disclosure of fibrin-rich thrombi. EP-2104 consists of a short peptide (11 amino acids) bound to four DOTA chelates [35] . An additional approach to increasing the relaxivity of contrast agents is the utilization of substances that assemble complexes on their own. Lipid-hydrofluorocarbon emulsions have been used as a platform to create these types of molecular probes. The specificity of these nanoparticles can be produced, for example, by the integration of a lipid-labeled biotin-avidin antibody complex in the particle. Hydrofluorocarbon nanoparticles have been loaded with up to approx. 90, 000 gadolinium atoms / 200 nm particles and successfully used for in vivo imaging of fibrin as well as α vβ3 -integrin for atherosclerosis [36, 37] . Glucose, proteins and aptemers are additional ligands that can be used for the production of molecular MR contrast agents. The following should be considered with respect to the translation of pre-clinically tested approaches into clinical practice. In contrast to doses of contrast agents in quantities permitted in humans, pre-clinical studies employ significantly higher dosages of the molecular probe. These high doses can affect cellular and molecular processes in the target structures. Further, in pre-clinical studies, generally high-field MRI scanners are used with corresponding test protocols. Again, in this instance, it can be difficult to translate these protocols directly into human applications.
T2-shortening contrast agents and molecular probes
MR contrast agents and molecular probes causing shortening of the T2 / T2* relaxation time are primarily based on iron oxide particles. When this particle type is used, the T2-shortening effect is greater than its T1 effect. The contract effect of iron oxide particles is thus negative, i. e. resulting in a signal loss in T2 / T2*-weighted images [38] . Compared to gadolinium-based contrast media and probes, iron oxide particles typically have a stronger effect on the relaxation time; therefore they can be detected with greater sensitivity [39] . As in the case of gadolinium-based contrast agents, the relaxation effect depends on the strength of the magnetic field used. Synthesis of stable iron oxide particles to achieve T2 / T2* contrast has been intensively investigated in recent years. On the whole, iron oxide particles can be subdivided into fractions with short as well as long blood half-life. Particles with short blood half-life include superparamagnetic iron oxide particles (SPIOs) such as ferumoxide. In solution, these particles tend to aggregate, and in the organism they are rapidly assumed by cells of the mononuclear phagocyte system. This type of particle is primarily used for liver imaging. Iron oxide particles with long blood half-life include, for example, ultra-small superparamagnetic iron oxide particles (USPIOs), such as ferumoxtran or ferumoxytol. Due to their stable coating, they remain monodisperse in solution, i. e. all particles are the same size. These particles are preferably employed for molecular imaging of patients with atherosclerosis, myocardial infarction or tumors. Depending on their size and composition, iron oxide particles have varying degrees of effect on R1 and R2 relaxation. SPIO particles have a stronger R2 effect than R1 effect. Therefore SPIO particles can be most sensitively visualized using T2 or T2*-weighted sequences [40] . For USPIO particles, the R1 and R2 effect is about the same. Thus they can likewise be visualized with T1-weighted se-quences using "positive" contrast [41] . In addition to the R1 and R2 effect, accumulation of SPIOs and USPIOs results directly in a disturbance of the magnetic effect (ΔB0), resulting in the formation of a susceptibility gradient and frequency shift. The resulting spin dephasing can detected most sensitively with T2*-weighted sequences. Additional types of MR contrast agents and molecular probes whose contrast behavior depends on other mechanisms have been investigated and characterized; however, a discussion of them would be outside the focus of this article.
Molecular vascular wall imaging !

Targeted molecular probes for displaying plaque components
In the course of plaque progression, smooth muscle cells and macrophages express extracellular matrix proteins, including elastin and collagen which represent an essential component of atherosclerotic plaques [14] . Recently an elastin-specific low-molecular probe was introduced and described. This probe is characterized by a rapid extravasation from the blood pool [42, 43] . Surface measurements based on the use of these molecular probes correlate with the plaque load in an apoE -/mouse with atherosclerotic vascular wall alterations ( • " Fig. 1) [42] . In a porcine model with coronary remodeling after stent implantation used to simulate clinical imaging conditions, this molecular probe was successfully tested for in vivo assessment of the remodeling of the coronary vascular wall. The area of the contrast agent-enhanced measured in vivo displayed good correlation with the histologically determined extent of the remodeling [44] . A further example of a molecular probe with a bond to extracellular plaque components is gadofluorine. This is a gadolinium-based macrocyclic molecular probe with both hydrophilic and hydrophobic characteristics as well as a blood half-life comparable to conventional gadolinium chelates [45] . Heavy accumulation of gadofluorine in lipid-rich plaques was exhibited in a rabbit model with atherosclerosis [46] . Furthermore, recent publications have described co-localization of this molecular probe in regions with a high density of newly-formed vessels (a characteristic of vulnerable plaque) as well as collagen-rich (fibrous) plaque regions [47, 48] . Fibrin is an additional protein that plays a role in the development and progression of atherosclerotic plaques [49] . It also has a key function in thrombus formation following plaque rupture. In various studies a fibrin-specific low-molecular probe has been successfully employed for imaging thrombi in the jugular vein, aorta, pulmonary arteries as well as in coronary arteries [35, 36, 50, 51] . Compared to conventional compounds such as Gd-DTPA, the probe indicated high sensitivity for the detection of fibrin; this is explained by the high relaxivity of the specific molecular probe. This specific molecular probe allowed selective demonstration of a coronary in-stent thrombus in an experimental animal subject ( • " Fig. 2) [35] .
The applied dose of 4 -7.5 μmol/kg was significantly lower than the typical non-specific gadolinium-based MR contrast agent dose of 0.1 -0.2 mmol/kg. Finally, this molecular probe was successfully used for detecting thrombi in the aorta, carotid and coronary arteries in a patient; this dem-onstrated that clinical translation of targeted gadoliniumbased molecular MR contrast agents is possible [52] . Larger nanoparticles with more than 50, 000 gadolinium atoms per particle have likewise been successfully employed for in vivo imaging of a jugular thrombus in animals; however, this has not been translated to human application [36] .
Targeted molecular probes for displaying cellular surface molecules
Endothelial cell adhesion molecules such as E-selectin, ICAM-1 (intercellular adhesion molecule-1) and VCAM-1 (vascular cell adhesion molecule-1) represent specific biomarkers of early atherosclerotic alterations. These molecules play an important role in endothelial activation and subsequent transmigration of inflammatory cells into the neointima [53] . The imaging of endothelial adhesion molecules has received much attention since these molecules are heavily expressed in the early stages of atherosclerotic plaque development. In addition, these molecules are located on the vessel endothelium and are readily accessible to intravenously applied molecular probes. In vivo detection of VCAM-1 has already been demonstrated on an animal subject with atherosclerosis. Significant VCAM-1-specific na-noparticle binding in the aortic root has been demonstrated using T2*-weighted MRI sequences( • " Fig. 3 ) [54] .
Molecular probes for displaying macrophages
In cases of atherosclerosis, the immune system responds with local inflammation to extracellular deposits of various lipid and cholesterol compounds [13] . Consequently, migration occurs among inflammatory cells such as monocytes which in the vascular wall differentiate into macrophages. High macrophage density in the fibrous cap is one of the accepted characteristics of vulnerable atherosclerotic plaques [13] . Different contrast agent approaches to displaying macrophages have been studied. The method most commonly investigated in animals and patients is based on the use of iron oxide particles with various coatings such as dextran or citrate [55] . The exact mechanism by which iron oxide particles enter atherosclerotic plaques has not yet been fully explained. A possible mechanism is based on the fact that iron oxide particles are initially phagocytized by intravascular monocytes, and that these iron-enriched monocytes then migrate into areas with high local inflammatory activity (e. g. into the plaque shoulder). Alternatively, iron oxide particles could enter atherosclerotic plaques due to increased endothelial permeability or via fragile newly- Fig. 1 In vivo imaging of atherosclerotic plaque load using a newly-developed elastin-binding contrast agent. A Chemical structure of gadoliniumbased elastin-binding contrast agent. B High resolution late-enhancement MRI images (top row: TR /TE = 19/8.6 ms, TR between the subsequent inversion-recovery pulses = 1000 ms) of control (left column) and apoE -/mice 12 weeks after start of HFD (right column) and after treatment with statins (center column). To verify anatomical localization, TOF images of the brachiocephalic artery were superimposed on the generated images (bottom row, transverse slices). A significant increase in plaque load was observed in the course of plaque development. Treatment with statins reduces the plaque load significantly compared to the 12-week HFD group. This could not be verified noninvasively with respect to the histological measurements. C The specific distribution of gadolinium in the vascular wall was investigated and displayed using electron microscopy. Co-localization of gadolinium with elastic fibers could be detected. [42, 44] formed blood vessels (angioneogenesis). Resulting from the subsequent phagocytosis by local macrophages, focal accumulation could occur in macrophages [55] . Successful noninvasive imaging of macrophages was first described by Schmitz et al. and Ruehm et al. using a rabbit model [56, 57] . Recently it was also demonstrated that iron oxide par-ticles can be used to assess macrophage load as well as monitor inflammation activity under therapy [58] . In recent years various techniques have been developed and evaluated to determine whether they could be used to display iron oxide-marked macrophages with positive contrast. Examples include the following methods: IRON (inversion-recovery with ON-resonant water suppression), GRASP (gradient acquisition for superparamagnetic particles) and SGM (susceptibility gradient mapping) ( • " Fig. 4 ) [43, 59, 60] . An alternative approach to detecting macrophages uses gadolinium-based micella which specifically bind with scavenger receptors expressed by activated macrophages and which exhibit high affinity for oxidized LDL. The signal intensity increase in atherosclerotic plaques measured after micella application using an apoE -/mouse showed good correlation with the presence of macrophage-rich plaques ( • " Fig. 5 ) [61] . Lipoprotein-based molecular probes are an additional means to specifically demonstrate macrophage-rich plaques. HDL particles modified for molecular imaging can overcome the endothelial barrier and have likewise been successfully tested in studies of atherosclerosis [62 -64] .
Molecular probes and contrast agents for displaying angioneogenesis
When atherosclerotic lesions develop, new vessels form in the vascular wall. This process, called neoangiogenesis, is primarily triggered by local hypoxic states [65] . Progredient neoangiogenesis has a direct connection to increased plaque instability. Activated endothelial cells of these newlyformed vessels express various surface proteins (e. g. α vβ3 ) which are not expressed by inactive endothelial cells in healthy tissue [37] . Two strategies to detect neoangiogenesis have been successfully developed and evaluated. One approach relies upon direct visualization of specific surface markers on endothelial cells of newly-formed vessels. Using gadolinium-based liposomes that bond specifically with α vβ3 integrin, local angioneogenesis has been successfully demonstrated on a rabbit model with atherosclerosis [37] . Alternatively, the increased blood flow resulting from neovascularization can be directly visualized and quantified through the utilization of dynamic contrast-enhanced MRI sequences [66] . In this case, clinically-approved contrast agents such as Gd-DTPA are suitable, as they effect a change in signal intensity in the target region across a wide dosage range as a function of their concentration. In order to quantify neoangiogenesis, changes in signal intensity are measured over time using dynamic T1-weighted sequences with high chronological resolution.
Summary
!
In recent years cardiovascular MRI imaging has developed rapidly and the resulting technical advances enable reliable morphological representation and assessment of the vascular wall of coronary arteries as well as the carotid arteries. Various preclinical and clinical studies using molecular probes have shown that both macrophages and fibrin can be selectively visualized in experimental models and patients. Recently published experimental studies demonstrated that a newly developed elastin-specific contrast In vivo detection and visualization of an early inflammatory alteration of the atherosclerotic vascular wall using a VCAM-1 specific MRI probe. The inflammatory process in early atherosclerotic vascular wall alteration was reproduced in the aortic root of apoE -/mice before A and after B the injection of VINP-28 probes, a specific marker for VCAM-1. Significant reduction of signal intensity could be detected, visualized and quantified in transversal MRI images (TE = 2.7 and 4.7 ms, TR 7.0 -8.0 ms). The significantly reduced contrast-noise ratio after application of the probe indicates the binding of the probe and the non-invasive VCAM-1 expression by endothelial cells and macrophages. Adapted from [54] . Fig. 4 Non-invasive evaluation of inflammation load in the course of atherosclerotic plaque development. This study showed that inflammation load can be visualized and quantified non-invasively using positive contrast. This study used a mouse model with atherosclerosis. In the control group no signal reduction or loss could be detected after injection of iron oxide. In the early stage of atherosclerotic plaque development, initial atherosclerotic vascular wall alterations could be detected after 4 weeks (2nd row, 4 weeks HFD). In the periphery of the atherosclerotic plaques focal enrichment of iron oxide particles could be detected in vivo (Perls coloration). This enrichment could be sensitively and noninvasively quantified using SGM MRI. In advanced atherosclerotic plaques, significant enrichment of iron oxide particles could be detected as a signal reduction in T2*-weighted images in the SGM MRI (susceptibility gradient mapping MRI). The histological assessment confirmed the non-invasive measurements. The positive contrast generated by the SGM MRI enabled clear visualization of the enrichment of iron oxide particles in the plaque, and allowed quantification of the enrichment (mTm) in SG parameter maps. Adapted from [43] . agent permits in vivo visualization and quantification of plaque load and plaque remodeling. Both factors represent independent predictors of future cardiac events. This molecular probe has been additionally tested successfully in a large animal subject with coronary remodeling. These promising results demonstrate the potential of molecular MRI probes for in vivo detection of early molecular and cellular alterations as well as for quantification of the therapeutic outcome. Biological characterization of atherosclerotic plaques could enable a distinction to be made between stable and unstable plaques, more accurate forecasting of cardiovascular events as well as improved therapy monitoring. In conclusion, within the context of atherosclerosis molecular MRI has contributed to the understanding of vascular biology and has demonstrated the potential to achieve more accurate clinical risk assessment. With further technical advances in MRI hardware and development of specific molecular probes, this technology could contribute to improving noninvasive diagnostics of atherosclerosis as well as therapy monitoring in clinical practice. In the future, rapid advances in cardiovascular MRI-based early diagnosis could significantly reduce total cardiovascular mortality.
Affiliations Fig. 5 Characterization of atherosclerotic plaques and application of gadofluorine. A, B T1-weighted MR image of the aorta in a rabbit model 24 hours after intravenous injection of gadofluorine. C: Corresponding histological image displaying the different components of atherosclerotic plaque. In this experimental study it was shown that gadofluorine can be successfully employed for the detection of lipid-rich atherosclerotic plaques. L: Lumen, Ad: Adventitia, LC: Lipid Core, FC: Fibrous Cap. Adapted from [46] .
